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SYMBOLS

Ax , Bx lateral and longitudinal cyclic control, swashplate angle,
commands

Axafc s, Bxafc a lateral and lonsitud/_ml cyclic AFCS control, swasbplate
angle, commands

A_ B_ lateral and longitudinal cyclic control, swashplate angle,
in shaft axes

• a rotor blade lift-curve slope

a' mRll angle used to define rotor drag force

a o coning angle

a 1, b I longitudinal and lateral flapping angles in control axes

als, bls longitudinal and lateral flapping angles in shaft axes

ay lateral specific force, positive in direction of Yh

B rotor L1ade tlp-loss constant

b nund_er of blades per rotor

C transformation matrix from Euler angle rates to angular
velocity In body axes

Cc/s transformation matrix from shaft to control axes

Ch/e transformation matrix from Earth to body axes

Ch/vt transformation matrix from vlnd tunnel to body axes

CQ torque coefficient i
I

Cs/h transformation matrix from body to shaft axes i

lCT thrust coefflclent

Cy rotor side force coefficient

c blade chord

Dvt fuselage drag in wind-tunnel axes

e flapping hinge offset

V
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ekf, ekt fuselage and tall angle-of-attack corrections due to main
rotor dovnwash

ear naln rotor dotmwash factor

Ggov gas generator governor gain

g acceleration of gravity

H rotor drag force

h altitude

h c altitude coI_and

Iafcs integer indicating AFCS sngaged

lab integer indicating altltude-hold engaged

I b blade moment of inertia about flapplng axis

I h inertia matrix o_ helicopter, in body axes

Imr polar moment of inertia of the main rotor

Ipe d integer indicating pilots feet off pedals

lpt moment of inertia of power turbine

Itc integer indicating turn coordination engaged

Itrlm integer indicating cyclic trim button released

Ixlat integer indicating lateral cycilc stick displacement from
zero force trim position

i t flow incidence at the horizontal tail

ito fixed incidence of the horlzontal tall

J rotor side force

Kc main rotor shaft compliance

Kd main rotor shaft damping

Kf pttching moment coefficient due to main rotor thrust

Kgov power turbine governor gain

Ki, i=l, 24 constant gains in control system

v[

I
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[L, M, N]d, h body axes moments due to angular velocity

[L. M. N]f. h body axes moments due to fuselage aerodynamics

[L, H. N]hu b h body axes moments due to rotor moments transmitted at the
' hub

[L, _i, N]hu b shaft axes moments due to rotor moments transmitted at the
, s hub

[L, M, N]r ' h total body axes moments due to the rotor

. [L. M, N]wt body axes aerodynamic moments acting on the fuselage

_¢t fuselage lift in wind-tunnel axes

1_ mass moment of rotor blade

m helicopter mass

[p, q, rio angular velocities in control axes

[p0 q, r]h angular velocities in body axes

[p, q, r]s angular velocities in shaft axes

Qam aerodynamic torque acting on main rotor, positive in
direction opposite to rotation

Qat aerodynamic torque acting on tail rotor, positive tn
direction opposite to rotation

Qeng engine torque acting on the main rotor shaft aud fusel.tgo,positive value tends to accelerate main rotor and ¢altse
fuselage to yaw right

Qgen gas generator torque i

Qs t.,cor shaft torque acting on the fuselage
t

dynamic pressure

R rotor radius

s l,ap lace operator

T thrust

t o time delay in primary serve transfer function

[u, v, W]as, h true airspeed of helicopter e.g. in body axes

vli
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u. v. h,] true airspeed of rotor hub in control axes
C

[u. v. w] c inertial velocity of heltcopte" g. In Earth axesg • e

[u, v, h'lcg ' h Inertial velocity of helict_pter e.g. In body _txes

u• v)W]gust, It gust velocity in body axes

u, v, w] true airspeed of the rotor ht|o In shaft axess

u, v, h']wlnd, h ._ind velocity ill body axes

V,t,_, h total true airspeed

Xco , X,a t , pi lot control displacements ,,I col h,t'tlvt, stick, latt.r.tl .ind
lont:itudinal ¢w'lit: st ick Jnd ped,ll,_ t'r,,;n th,t_in.iI p,,_,t-

X, Xpe d " '_on' tions. (Positive dlsplat'emt, ttt_ CatlS_, t'lfmb, roll ri_-ht,

pitch debar, ,tnd v,tk" left. rt, speet |rely.)

X0 Y, ZII. ° h body ilxi,_ torct,.q dut" to ftl._t'|.l_Xt' ,It, rotIvll,lmit'_

X, h', "] body .ixi,q t or<t,:: dut, to tilt, rot,,r
t', h

x, v, ,'] |nt, rtial p,L_itiolt ill E.Irth .Ix,.._
c ,t',, t"

x, y, "']ps, h pilot._ ltVl' lee,It|on ill body .Ixt'._

.X . V, .: ] roior htlb lee,It ioti it1 body ,IXt's
r, h

x, x', "']wt, |_ wind-tutlllol tuotntting point ill body .t×es

Y_'t fusel,tge ,_[dt, lol'_'o ill wind-tunnt, I Axes

't'" "t fuselage angle of att,:ck ,tttd ,qide,._|[|)

,f, fuse|age loc,tl ,ingle ot attack

." rotor orient,it ion anFle

,,acR_
) rotor lock numbs, r0

I b

daml)lllg ratio In primary ._t,t'x'o tr;m_t'er ltmcti,,ll

cL tail rotor collective pitch comm,lnd

' tail rotor collective pitchct

mJitl rotor coi lt, ct [vt' t_|tch A|-'C.% comlll.llld

t_l,lllt l't_tof t'ollcctivc pitch comm,lttd

- "' ............



r ......

Oom main rotor col le:tive pitch

Oot effective value of tail rotor collect2ve pitch

0 s longitttd',nal shaft tilt angle

Otafc s tail rotor collective pitch AFCS command

t_, blade t_.lst angle, from root to tip

| O:._s blade pitch at 3/z, radius

\ infl_ ratio

la t lp-speed ratio
|

• \, induced Inflow ratlo
!
I ,. .,tmospheric density

, b¢
| , rotor solidity, -_

t

t time c,,'lst,lnt in prit_irv serve transfer function

• eagine time constant
t Veng
P
| : i ' I = I , 8 time c,,nstants ill contr,,! system

ix, inflow time c,mst,lnt

trim value of ;
etrim

es lateral shaft tilt ,ingle

[¢, O, _ ]!1 Euler ,lllgles, relating body ,lilt| Earth axes

trill1 v;i ltle o| ,
"trim

'_wt _,.lnd-tunt_el yaw angle

rotor an_xular v_=Iocity

>pt power turl, ine ;|tlgular ve Ioc try

0 commaltded re[or ,ingul,,lr velocity

natural frequency in prin_lrv ._ervo transfer function
'n

• L _ _ _ .......... ., . L
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Subscripts:

c control axes

e Earth axes

h body axes

m main rotor

s shaft axes

t tail rotor

ut wind-tunnel axes

Superscripts:

T matrix transpose

(') time derivative of ( )
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A HAT|IEHATICAL HODEI OF THE C}_-53 |iELICOPTER

Wllli,lm R. Sturgeon and .lames P. Phillips

Ame_ Re,earth Center

St_HlqARY

A mathematical modt, l suitable for r,,,_l-tlmc ._imulation of the Ctt-S3 hel/-

copter is presented. Tills model, whLch is based on modified nohlLnt,.ir cla._._i-

cal rotor theory and nonlinear fuselage aerodynamics, will be used to ._upport

terminal-area guidance and navig,,ti,,n studies on a f ixed-ba._e simulator.

Validation is achieved by comparing the model rest,,,nsc with that of a similar

aircraft and by ,i qtLalitative comp,lri._,,n of the h.lndling ch,iracteristics mad,,

by experienced pilots.

1.g I'RODFC 1"1ON

Tel_in._l-,Irc.I g_lid,mce and n,wig.ltion helicopter rest.itch i_ to be ¢,'_.-

du,'tcd at :_e._ Res,,arch C_,nt,'r. Prior to actu.ll tli_llt tc._ts, advanced c,,n-

cepts and procL, durcs will bc evaluated using .i piloted flight simulator. I'his

._imulator facility consi._ts ,,f .l "fixed-b,l._t," cockpit, ¢,,nfigured to that ,,l

tilt, CII-_3 (fig. I_, and a Siva q digital c,_mputer. Olaf, ration ,,f this simu-

lator requir_,._ the use of a CH-_} mathematical m,,dcl that can opt, rate in re._l

t/me on the Sigm,i o ho._t ¢omputL, r.

Ilel icopt_,r models range in complexity from I inear models, which ,ll'¢ v,II id
n_'ar one particular flight condition, to nonlinear blade-ele_ent models s,.hich

.|¢¢_ ant for complex roto! t lo_, c,,ndit ions and ar_, used over the cnt ire 11 i._'.ht

regime. A model of intermediate complexity, which meets ._imulation requlrt,-
m¢11t._ for tL.lmhl,ll-,ire_l gUidilllCt' illld niivig,i[io[I ,_tt|di_'8, is b,l._,d Oll qt|_l._i-

static rotor reprcsentatton._. A Ctl-53 modt, l of till[:; latter type is pr_,sentt, d.

the help of the I ollowing persons In obtaining this mathematical model i_

ackno'_ledf, ed: Dean E. Cooper, Thoma,_ II. l a_rence, and Phil Gold of Sikorsky"

Aircl',lft Divi._lon of United rechnologies0 Stratford° Connecticut; and .1. b.

Shaulzhnc._sy of l.anglev Research Center. l'he model was progr_m_med on the

,qi_lnil q ¢omptltor bv Bol'l.q _'oh of Computt'l" Scit, llCt, COl'l_Ol'iltiOll. Villidilt loll _',lS

• p_,rforlned with the help o! deorge l'ucker ,!ridRon (;erdes of Ames Re._,al'ch ('_t'lltOl',

_bYl'llE._b_l"ICAl. ,_101_1:.1,

The helicopter matlu,m,_tic.iI m,_del is deline, d in terms of ,_ubmodels of the

i tus_,13.P3.,il_.,t'odvtlilnlicS,lO[ol sv.qtL,m.,-;,t'lli_illt',Itld)*_oVL'l'llOl',:llldCOtlf,.l'ol8VS[t'I_I.

I'hc relative rellt io_lship ot th_'.q_' sut,nu,dels is discussed in the section

_'nt it led "dencral ,_lodol beset!l,[ ion" which prect, d_.s detailed de.qcrtpt ioqs of

"- O0000001-TSAIO



each submodel. The submodels are defined in terms of forces, moments, and

motion expressed in the following coordinate systems which are used tn the
development of the mathematical model (fig. 2).

Coordinate Systems

I. Earth axes, subscript e: OrJgln fixed on the Earth's surface, xe

axis pointing north, Ye pointing east (f1_. 2(a)).

2. Helicopter body axes, subscript h: Origin at the center of gravity

(e.g.), xh axis forward in the plane of symmetry and narallel to the water-

llne, zh axis down in the plane of symmetry (fig. 2(a)).

3. Shaft axes, subscript s: Origin at the rotor hub, xs axis rotated

through the 1ongltudlnal shaft tilt angle 0s about the Yh axis, Ys axis

rotated through the lateral shaft tilt angle Cs about the x_ axis, zs
axis coincident with the rotor shaft (fig. 2(b)). This applies to both the
main and tail rotors.

4. Control axes, subscript c: Origin at tile :otor hub, z c axis directed
toward the fuselage along the axis of no-feathering (an axis perpendicular t,,

the swashplate), x c axis points into the relative wind so that the Yc c,,m-
ponent of the relative wind is zero (fig. 2(c)). This applies to b,,th the
main and tail rotors.

5. Wind-tm_nel axes, subscript wt: Origin at the wind-tunnel mounting

point, Xwt axis pointing into the relative wind, Zwt down and perpendicular
to the relative wind.

General _del Description

The helicopter model is defined in terms of the following submodels:

I. Fuselage aerodynamics model: The fuselage aerodynamics model defines

nonlinear flit, drag, and side forces as well as pitching, rolling, and yawing

moments in terms of a wide range of fuselage angles of attack and sideslip,

rotor downwash, body angular velocity, and dynamic pressure.

2. Rotor model: nonlinear models for the main rotor and tall rotor

define thrust, drag, and side forces as well as hub force and moments repre-

sentative of articulated rotors over a wide range of airspeeds through hover
to rearward and sideward flight. The rotor models account for variable inflow
velocity, variable rotor speed, blade twist, tip loss, blade coning, blade

flapping, flapplng-hinge offset, and tail-rotor $3 hinge.

3. Engine model: An engine and governor model adapted from a heavv lift

helicopter simulation provides a realistic time delay between aerodynamic rotor

torque and the resulting reactto, torque applied to tile fuselage. The model
Includes the effects of gas turbine, power turbine, rotor inertia, and shaft
comp'iance.

2
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4. Control system model: The helicopter control system model converts

pilot's cyclic control, collective control, and pedal inputs into main and

tall rotor cyclic and collective pitch inputs. An automatic flight control

system (AFCS) is included which provides helicopter rate and attitude stabill-
z_tlon in roll, pitch, and yaw.

Wind and gust inputs to the hellcopter model are provided, as well as the

pilot control inputs. All forces and moments acting oli the helicopter are

outputs of the fuselage aerodynamics and the rotor systems submodels. Fuselage
forces and moments are calculated in wind-tunnel axes and transformed to body

axes. Rotor forces are calculated in control axes and transformed to body
axes, and the rotor moments are calculated in shaft axes and transformed to

body axes.

The equations of motion use the total forces and moments, in body axes,

to calculate the translational and angular body axis accelerations. The trans-

lational acceleraticn is integrated to give body inertlal velocity which is

transformed to Earth axes and integrated to obtain helicopter position. The

angular acceleration is integrated to give body angular velocity, which is

transformed to Euler angular velocity and integrated to obtain helicopter
attitude.

The relative rel_tionshlp of the submodels is shown in Figure 3(a), and

the inputs and outputs of each submodel are shown in figures 3(b) through 3(g).

The model parameters are given in Table I.

Fuselage Aerodynamics

The fuselage aerodynamic data are given in both equation and tabular

form. The forces and moments are given in wlnd-tunnel axes in terms of local

angle of attack, local angle of incxdence at the tail, sideslip angle, body
angular velocity, and dynamic pressure.

Airspeed in body axes- The helicopter airspeed is expressed in terms of
its Inertlal velocity and the wind velocity as

- - (I)

as, h cg, h gust, h wind, h

The free-stream angle of attack and sideslip angle are defined as

_If , -" < ,f < - (2)

and

as, h 2 - f -

3
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respectively, where

Vas, h = (/u2 + v2 + W2)as, h (4)

and the f_ee-stream dynamic pressure is

1 2 (5)
J

i Main rotor downwash effect- The effect of the main rotor downwash on thelocal angle of attack is accounted for by the rotor downwash factor (ref. 1):

CTm

i emr ffi 2(_ 2 + _m2) (6)

CTm, _m, and _m are rotor parameters defined in the following section. The
fuselage local angle of attack is

i _f_ ffi _f - emrekf , -_ _ aft _ _ (7)

and the local incidence _t the tail is

it = ito - (ekt - ekf)emr (8)

where ekt and ekf are empirical constants. Tlle wind-tunnel yaw angle is

_wt = -_f (9)

Fuselag_ forces and moments in wind tunnel axes- The fuselage forces and

moments in wlnd-tunnel axes are provided through the wind-tunnel data given in

figures 4 through 13. These curves are entered with the fuselage local angle

of attack (eq. (7)), local incidence at the tail (eq. (8)), wlnd-tunnel yaw

angle (eq. (9)), and dynamic pressure (eq. (5)) as determined from the equa-
tions noted.

Since the wlnd-tunnel data do not cover the _ull range of angle of attack
and sideslip, it is assumed that force and moment coefficients remain constant

beyond the limits of these angles for which data are given. This assumption

should not significantly degrade the mo___ performance, for large values of

the above angles generally occur at low airspeeds where fuselage forces and

moments are relatively small.

The fuselage forces and moments are determined as follows:

Dwt = _ = ,

00000001-TSA13



where

AD
2wt

2 2

= 300 s_n _wt (ft)

= 27.g sin 2 (m2)
_wt

Also,

Ywt = _

Lwt + qt

Mwt= = +

Nwt =

Transformation of fuselage aerodynamic forces to boay axes- The fuselage
aerodynamic forces are transformed from wind tunnel to body axes.

Ch/wt (i0)

f, h wt

cos _f cos Bf _cos _f sin Bf -sin _f]

JCh/wt = I sin Bf cos 6f 0
I

Lsin _f cos 6f -sin _f sin Bf cos _f

Transformation of fuselage aerodynamic moments to bod X axes- The total
fuselage aerodynamic moments include the basic wind-tunnel moments, additional

moments due to the wind-tunnel mounting point being offset from the c.g.,

damping due to angular velocity, and rotor downwash on the tai]. In body axes
these moments are

00000001-TSA14



- + + Tm (II)

f, h wt x wt, h f, h d, h

where

= 899 q Vas, h (12)

d,h L-520rhJ

and Tm is the main rotor thrust. Bo[+ _he damping equation and rotor down-
wash moment coefficient were obtained from an unpublished Sikorsky Aircraft

report.

The inputs and outputs cf the fuselage aerodynamic model are shown in

figure 3(b).

Rotor Models

The rotor forces and moments are calculated using nonlinear classical

rotor theory, specifically a modified Bailey representation used in refer-

ence 1 and discussed in references 2 through 5. Important aspects of this
rotor model are

I. Uniform inflow over the rotor disk is assumed

2. Compressibility and stall effects are neglected

3. Lagging motion of the rotor blades is neglected

4. Only first harmonic motion of the rotor blades is considered

5. The blade coning and flapping angles are assumed quasi-statlc

This relatively simple rotor model is used to facilitate its use in a
real-tlme simulation. This model is valid for forward flight to about

120 knots, hover, rearward and sideward flight to about 20 knots, auto rota-

tions, and large-angle maneuvers Although the model is adequate for guidance

and navigation studies at airspeeds greater than 120 knots, its handling
characteristics fidelity is degraded due to the increasing effects of compres-

sibility and the reverse flow region.

The following discussion applies to both the main and tall rotors, except

i where noted. Specific application to either the main or tail rotor is Indi-

: cated by the subscripts m or t respectively.

6
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1 Airspeed of rotor hub in control axes- Tile total airspeed of the rotor
hub, in control axes, is required for calculation of the rotor forces and

moments. This airspeed is initially determined in shaft axes, using the heli-
copter airspeed and angular velocity, and then transformed to control axes

[IL] u 0 z -y
I

= + 0 (13)

--X

I s as, h r, h I

i where

F COS 0s 0 -sin 0s ]

Cs/h = pin 0s sin _s cos _s cos 0s sin _s (t4)
I

Lsin 0s cos _s -sin _s cos 0s cos _s

and

ilas, h

is defined by equation (1). The airspeed at the hub is transferred into con-

trol axes using the rotor orientation angle

_ = tan_ 1 I s
+ Br---

S !Ws

which is obtained using the definition of control axes, that is

Vc-O

J a,_dusing small angle approximations for the main rotor cyclic control inputs

Lswashplate angles), A_ and B_ (see fig. 2(c)),

C S

where

Fcos t_ sin _ B'l cos t" + A'1 sin _q
|

-I-Ce/s sin t_ cos _ A1 cos tl- B_ sin I, lb:

L -^I l

7
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i" 7

Note that the tall rotor does not have cyclic controls, and therefore the

corresponding A_ and B_ are zero.

Rotor tip speed and induced flow ratios- The rotor forces and moments are
functions of the rotor tip speed and induced inflow ratios, which are defined
in terms of the hub airspeed in control axes, as

u c

- -- (17)
_R

and

w c
X =-- v (18)

_R

respectively. Tile induced inflow ratio \) is obtained by filtering the

steady-state value of v. The resulting differential equation is

{) = l__,v "2--- - _" (19)

Tile time constant zv is included to account for the lag associated with
changes in rotor Inflow. Note that the thrust coefficient CT, defined below,
and inflow ratio X are functions of \ so that equation (19) is a first-

order nonlinear differential equation.

Rotor thrust and coning angle in control axes- The rotor thrust, in con-

trol axes, and the coning angle ao are calculated to the third power of the
tip-speed ratio according ta the followlng relations obtained from refer-
ences I and 4:

T = beRp (R_,_)'(-_) (20)

and

,) ' ,) )°,]ao = _ B3 + 0.04 _ _ + B_ + _ B2_ 0o + B + I_ B3_:

where

CT a [(1 B:, 1 ) (l B._ I, 4 )(I Bi) I ) ,]= -_- + _- U: _ + -_ ","_ Bp - _- U' 0o + + _- B:p 2 0 (22)

and % is the effective blade pitch angle at tbe root (collective pitch

angle), and 01 is the blade twist. Note that a term involving the blade
mass moment in equation (22) of reference 4 has been neglected in equation (21)

above, for it c,mtrlbutes less than 0.5 ° and is essentially constant (ref. I).

t
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Rotor flapping an_les in control axes- The calculotion of the rotor flap-

ping angles requires the fuselage angular velocity expressed In control axes:

" Cc/sCs/h t23)

c LrJh

where the transformation matrices are defined by equations (14) and (16).

The flapping angles a I and bI (fig. 2(d)) are calculated in control axes
according to formulas obtained from reference I.

1 8 0 __
a I - 2X +_ '0.7 _ + 9.

[1 - (_,'_/2B2)1 B_,J

and

1 [_ qc _____I6Pc] (25)bl = [1 + (_'/2B:)] tia° s? B*"_s:J

For a blade with linear twist and constant chord, it can be shown that replac-

ing the 0 o appearing in the references with tile pitch at 3/4 radius _o. ",'
and dropping 01 will have a negligible effect on the overall solution
(ref. 1). Tile pitch at 3/4 radius is

0 ( 2(_)0.75 = 0o + 0.75 01 i

Rotor dral4 force in control axes- The downwind conlponent of the rotor
force, ill control axes, is

tt = Ta' (27) ]
t

where the small angle a' [s a func_.ion of the useful lind induced rotor drag- i
lift power and inflow (ref 1) but behaves similarly to the longitudinal flap- 1• , !
ping angle a I . An expression for a', which includes tl,e effects of fuselage !

angular velocity (ref. 1), is I

a' - \ + 50,_ : l, --- - _T7; (2_)[1 - (U: /2B:)] " B_ ''

Rotor side force in control a×es- The rotor side force, in control axes t
is !

I
\<'#

!
I

t!

|
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where

F3 3 1 , 1

Cy a U._ \ _ -_ a°_l \ + _ albl_. _ _ aoal_a. + 6 aoal

1 1) t'O. 'S] - "

This equation, derived from equation (3) in reference 3, neglects angular

velocity terms and uses the previous asstm_ptlon involving the pitch at 3/4

radius, 00.Ts.

Transformation of rotor forces to body axes- Tile rotor forces in control

axes, given by equations (20), (27), and (29), are transformed to body axes,

[]_-CT CT
s/h c/s .1 (31)

r, I1 'T' C

where tile transformation matrices are defined bv equations (147 and (Its).

Rotor torque ill shaft axes- 'rile rotor :lerodynamtc torque e(luatioll {ref. i},
which- accounts for both acce lerat ion and decelerat ton, is

Qa = bcR"¢(R._?):(_)) ,32')

where

= 0.00109 - 0.0036\ - 0.0027 ,_ - I IO\" -. 0 545\C0.75 + O.1220:"0 " O. "5 " " O. "',;

+ (0.00109- 0.002700._S - 3.13\" - _.35\00.:S - 1.930_ .,S)t_"

- 0.133\0 o.Tsla 3 + (-0.976\" - 6.38\0o.7s - 5.260 o..zs)u _ _33)

"File aerodynamic torque acting on tile main rotor Qam, is calculated using main
rotor parameters In (32) and (33). The torque applied to the fuselage by the

main rotor t:q a function of Qam and is determined by tile engine and governor
mode I :

Nhub, s = Qs ,34)

For the main rotor, Qs is l'llual to till' q2ng[lle torque Qene" The tall rotor
torque Qat, calculated using tall rotor parameters in (32) and (33), is
asst_ed to act directly on the tUselagl' so that Qs Is 1,qual to Qat"

I(I
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Rotor hub moments in shaft axes- The hub moments due to flapping angle

offsets are calculated in shaft axes according to formulas obtained from
reference 1. These formulas result from neglecting higher order terms in

equations presented in reference 3:

t] If- -- eb_:_bi (35)
2 w

hub, s I s

i where

- + jLOa

are the flapping angles in shaft axes.

i
TriillsforllliltiOti t _ lI rotor nlOlllonts tO body axes- Tile rotor Lionlents ill S|I,ifL

ilxes, given by equations t343 itlld [35), are triinsfoHlled to body axes:H = C t 37

hub, It hub, s

The total moment.._ applied to tile fuselage bv the rotor include the hub mome.t:_
(37) and additional moments dt,e to the location of the hvb relativc to the

helicopter e.g.:

I '1 1, 0 - ;- V XMJ = M + 0 -x t 38N N x 0
r, h hub, h r, It r, h

where tile rotor forces are defined by equation t31).

'rail rotor <_] hlnl4e effect- The above model represents a rotor without
il delta-three (33) hinge, such ,is tile main rotor of il CII-53. ltowevel', tilt,
tail rotor has il ,_a hinge° so that bliide Coiling lind flapplnt_ affect bl;Idt'

pitch; therefore° the model is modified accordingly. Assuming the Cllilllges In
bl;idt, pitch title to flapl_ing ill'e ,,Imllll compared with those title to coiling°

= t_ - il tan ,_ t ttll
Ot t't tit Jl

where 9¢t is the villtlt, of collt, ctlve pitch conlmilnded bv the ¢Olltl'ol svstenl.

Note that tilt' t'Ollill_t illlgle ilo, eqtlilt|Oll t21), Is il ftlncttOll of 0o; its il

l't','ltllt, equlttlous t21/ ,Ind _t)], for the tall rotor° _hotlld be aolved
,q I nlti 1 t ;ineoti,_ 1%',

II
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Tile inputs and outputs of tile rotor models .Ire shown in figures 3(c)

and 3(d).

Engine and t;overnor Model

An engine and governor model is included to provide a realistic time
delay between aerodynamic rotor torque and tile resulting reaction torque

applied to tile fuselage. This model was adapted from one used by Boeing Vertoll
(ref. l); although it Is not a model of a CH-53 engine, it does provide tlle

i desired effects.

i This model, which includes tile effects of a gas turbine° a power turbine,

rotor [nertiil, and shaft conlpliance, uses tile reference rotor speed '7o atilt[

the main rotor aerodynamic torque Qam (eq. L32)) to calculate Lilt' ,ulgular
velocities of tile main and tail rotors and tile engine torque. Note that tile

engine torque Qeng is equal to the main l'otor shaft torque Qs in eqtl.l-
Lion (34).

" = I - + KdL,'? - :? )]m Qeng Qam pt 111 / lnlr

, C p t Ill

= + K L,' - _ - KdL_' - r,'tll_]/I (-'_L)_pt [ Qgen gov o pt - Qen.e. pt pt

t',_ = Iq - Qt,.t'n + t; L, - ) ] / :_,etl dill , _:t,\' o pt eli}'

,' = .1.3 ,
t m

l'he ¢Ollstdilts Kc iltld Kd t'epl'esetlt Lilt' lu;li'.. ,'otor shalt't t'Olllpl[alllt't" ,llld d,uup-
i. llg, respectively; tlote that tilt' Idtier iS l'equll'cd for COmluit,ltion,I1 st,lbtl-

it\'. T|le Q,Im ternl ill tilt' Qgen di ftt, rent ial ,.,qu,lt ion allows Lilt' modt, l to
hold re,lsotl,lblv collstatlt rotor speed tinder widcl," V,It'yltlg ,let'od%'il_lnl[c tOl'qtlt"_

(t'ef. I).

The inputs and outputs of tile etigLtle model iil'e shown ill figure 3(e).

Control System

the control system model° which includes the effects of pilot lnput:_0

coutrol cross coupling° an automatic flight control system (AFt:S), /lilt|

ser\'o actuators, defilles tile m/litl l'otor collective pitch _onl° lon£.ltudfn.ll

and lateral cyclic pitch B1 and :\x, anti tall rotor c,,llectlx'e pitch command

_¢t" Fills model was obtained lt'otll ,m unpublished Sikorsky Ait't'ralt report.
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Pilot controls-

0om = K1 + K:X'col + 0mafcs

B1 " Ka r K_X_o n + Blafc s
(41)

Ax = Ks + K6X', _ + K:X t +(at col Alafcs

,!

Oct = (Ka + KoXpe d + KloXco 1) + Otafc s

whe re

X' " - 2 54 cm
• col = Xcol

or equivalently if X > " 54 cmCO1 ""

X' = Xco I - 1.0 in. or X > ! 0 ii:.co 1 co 1 "

X' = 0 if X S 2.54 cm
co 1 co l

or X < 1.0 in.
CO1

and tile term in parentheses is limited to tile range of -0.034q :-ad (-2.0") t,,
+0.419 tad (+24.0°).

The pilo" inputs, in equation (41), are the displacements of tile pilot
controls relative to a nominal position. These positions are shown ill the
control rigging diagrams, figures 13(a)-13(d), ,is the zero displacement
positions. The fore_ characteristics of the pilot controls are given in
table 2.

AFCS inputs- The following features of the AFCS are not implemented,
directly, due to hardware limitations of the fixed-base simulator used in c,,n-
junction with this model:

1. Trim adjustments for various e.g. locations

• 2. Indicator of AFCS authority used

3. Supplemental controller w1.lch oh,rages effective collective stick

• |)Os I t ion

,i. "Open-loop" ped,I1 spring

5. l,ltt, r.II cyclic "stick pusher"

p_

I
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Effects of these features that are considered critical to the anticipated fly-
ing tasks are included by modifying tile AFCS model _tained from Sikorsky
Aircraft.

The absence of trim adjustments is compensated for by placing the e.g. at
fuselage station 332 so that the mathematical model trims straight sad level
at 90 knots, with minimal AFCS contribution to the longitudinal cyclic pitch;

that Is Blafc s : O. Problems caused by the lack of informat|on on AFCS
authority used are alleviated by (1) increasing the limits on tileAFCS contri-

bution to the tail rotor pitch command 0tafc s (table 5); (2) removing 0taft s
from tilebracketed term in equation (41), which is limited; and (3) selection

of the c.g. fuselage station discussed above. Tile effects of tile collective

stick supplemental controller are not considered critical and, therefore, are I
not included. Tile "open-loop" pedal spring is represented bv the integral I
term K.3/s it, the 0taft s equation (4._. The basic effects of the lateral
cyclic ;'stick pusher" are to provide tile pilot wi-_ 7a stick force proportional 1
to the deviation of roll attitude from its trim value, and to return the

vehicle to its trim roll attitude when the pilot releases the stick. Since a
"control lodder" is not available iu the fixed-base shuulator0 implemetltati,m
of these effects required several changes to the AFCS model; the ch;ulges art'

described in detail below.

In the original AFCS the roll trim reference is removed from the lateral

channel, A_afc s in equation (42), when the pilot places his feet on the
pedals (activating a pressure sensitive switch) prior to a lateral nl.uleu\'er.
If the pilot releases lateral stick pressure during tile maneuver and keeps his
feet on the pedals° the "stick pusher" moves the stick so as to regain the
roll trim reference attitude. Tilts characteristic is obtained by removing the

roll trim reference from Axafc s in equation (42} only when the lateral stick
is displaced !.27 cm ((I.5 ln.} or more from its zero force trim position.
'rims, tile roll reference is removed when the pilot, by displacing the stick
laterally, Indicates a desire to maneuver; the reference is regained when the
pilot releases his control force, allowing the stick to return to its zero
force position. The control forces provided by the "stick pusher" during the
maueuver arc obtained by adding a bias _roportlotlal to the roll deviation from

trim to the lateral stick displacement (see X_at'' , eq. (42)1. This cat,ses the
steadv-._tate roll attitude deviation from trim to be proportional to lateral
stick displacement from the zero force trim position and, therefore, propor-
tional to tile control force required by the pilot. Tile bias gain, K.._, in
equation (42) corresponds to O. 14 N (O.08 lb) of pilot force per degree change
In roll attitude.

The control Inputs from the modified AFCS model whLch cot,talns altitude
hold, heading hold, and turn coordlnatlou modes, are

14
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Omafc s = IahKxl(h c - h)

altitude hold

Blafcs" [circuit i: +
r,s+ 1 o

(_1 s + 1) 2 Oh + X_

r+at,+,n,o,,<lr ,<,, , <:<,+,,,,out,,< _ ,,]A,=fc,- [elf<u,<,o.2jL,,s+ iPh+ktirc.itno.31 Isltrim(Itrim $)

heading hold

+ IahKlT(h c - h)

altitude hold

..(, '<:ql,'<"<'"+""°'-'<_-,<, + ,<,,s_s
t no. 44 ,JL tcPh e i + I rh

0talcs + -_ _,, _c trcui | turn +coor-
i-d ina t ion

_he:iding hold turn'c°°r-I altitudt ht.ld
d Inat ic',n.]

-.<"tat tat circuit no. K'"Itt" "ira (C-trim" - 4')h

(42)

The fade h_/out circuits are intended to minimize the introduction of

large transients to the flight control system due to changes tn the AFCS oper-
ating mode. The gain of these circuits varies between zero and unity, accord-
ing to the transfer functions listed in table 3. It should be noted that
these transfer fttnctions are only used to determine gain values, and do not
represent actual filters.

AFCS modes- The operational modes of the AFCS are controlled by the fol-
lowing variables, which appear In equation (t,2).

lab - 1 Altitude hold mode engaged
• = 0 Altitude ilold mode disengaged

lafcs = 1 AFCS engaged
- 0 AFCS disengaged

1 = 1 l'llot's feet off pedals
ped " 0 Pilot's feet on pedals

I = I Cyclic trtm button rt, lcased
trim

* 0 I_vcllc trim btlttou tlt, prt, sst, d

I%
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R

Itc I Above 60 knots and pilot's feet on pedals
- 0 At or below 60 knots or pllot's feet off pedals

Ix[at = 1 Lateral stick within 0.5 in. of zero force trim position
- 0 Lateral stick beyond 0.5 in. of zero force trim position

The values of the roll and heading trim angles, etrim and _'trim respectively,
are determined as follows: _trim is set equal to the current eh when the

cyclic trim button is released; _trim is set equal to the current _h when
the pilots feet move off the pedals.

The AFCS and the altitude-hold mode are activated by switches on the

instrument panel The heading-hold and turn-coordination modes are controlled

by airspeed and location of the pilot's feet (either on or off the pedals).

The heading-hold mode is engaged whenever the pilot's feet are off the pedals,

regardless of airspeed. The turn-coordination mode is engaged only when the

pilot's feet are on the pedals an___ddthe airspeed is greater than 60 knots. The
operation of these modes is summarized in table 4.

AFCS authority limits- The authority of the AFCS is limited so that it
can be overridden by the pilot. This is accomplished by limiting the control
inputs from the AFCS, equation (42), to the values shown in table 5. In the

expressions for A1afc s and etafc s the limits are imposed prior to the addi-
tion of the altitude-hold terms.

Servo actuators- The primary servo actuators transform the main rotor

control commands, given in equation (41), into swashplate angles and blade

collective pitch. The following model of these servos was obtained from
Sikorsky Aircraft.

p'oq F'ofl,, : e-toS

I I = n LBIJ (43)
B'l (S: + 2:.,,,nS + ,n")(is + l)

LA'_J (s) A1 (s)

A model of the tail rotor servo was not obtained from Sikorsky; therefore, it
was assumed that

%t " Oct (44)

Approximations for r.eal-time simttlation- During use of this helicopter
model in real-time guidance and navigation studies it may be desirable to
neglect some of the relatively high-frequency dynamics -- specifically, the

relatively small time constants, _1 and r_, in equation (42), and the servo
dynamics, equation (43).

The Inputs and outputs of the control system model are shown in fig-
ure 3(f).

16
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Equations of Motion

The helicopter equations of motion are given in body axes with respect to

a flat, nonrotatlng Earth. The helicopter is considered a rigid body with

mass symmetry about the xh - zh plane. The effects due to the engine angular

momentum are neglected.

Translational acceleration- The translational equations of motion are

m _ + 0 -p v (45)Ch/e + + =

f, h r, h cg, h p 0 h cg, hJ

where

cos 0 cos _ cos 0 sin _ -sin 0

Ch/e = ;in _ sin 0 cos _ cos # cos _ sin _ cos

- cos ¢ sin _ + sin ¢ sin _-sin ; (46)

cos _, sin 0 cos _ cos # sin 0 sin ; cos ¢ cos 0

+ sin _ sin ; - sin ¢ cos ; h

and ¢h, Oh, and '4,h are the Euler angles that define the orientation of the

body axis system (fig. 3), The fuselage aerodynamic forces are given by

equation (I0), and the rotor forces, which include those due to both main and

tail rotor_, are given by equation (31). Equation (45) cap be rearranged to

yield

m

cg, h f, h r, ! O-]hLW/cg, h
i
I

Inertial velocity, and position- The inertial velocity, in body coordi- i
nares, is obtained by integrating equation (47), wltb respect to time, subject i
to appropriate initial conditions. The inertial velocity in Earth axes is

= C /e ' t48)

c_',,e k_"Jcg,h

The posit|on of the helicopter, in Earth coordluates, is determined by inte-

grating equation (48) with the appropriate initial conditions.

17
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" v (49)

cg, e cg, e

Angular acceleration- The rutational equations of motion are

+ --Ih + - Ih (50)

f, h r, h LrJh P OJh LrJh

where

Ih= _ Iyy _

Ixz 0 Izz

The fuselage aerodynamic moments are given by equation (Ii), and the rotor
moments, which include those due to both the main and tail rotors, are given

by equation (38). Equation (50) can be rearranged to yield

/q = lhl + - 0 Ih (51)

h f, h r, h P

An_ular velocity and orientation- The angalar velocity, in body axes, is
obtained by integrating equation (51), with respect to time, subject to the

appropriate initial conditions.

The helicopter Euler angles are determined by integrating

[:]= c-_ (52)

where

[0 s.jC = cos _ sin _ cos 0 (53)

-sin 4_ cos _ cos h

The inputs and outputs of the equations of motion are shown in fig-
ure 3(g).

• 18
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MODEL VALIDATION

The mathematical model is validated by comparing its response to that of

an actual helicopter and by a qualitative comparison of th_ handling charac-

teristics made by experienced pilots.

Time History Comparisons

The most readily available flight data were from an HH-53C, an Air Force

version of a CH-53C, which has two e×Larnal fuel ta_ks. Since the HH-53C

response time histories given in reference 6 were obtained with these tanks

full, the helicopter inertias in the model were modified accordingly in order

to provide a more realistic comparison of responses. The following modified

parameters were calculated using data supplied by Sikorsky Aircraft.

Ixx,h = 56,367 kg-m 2

41,553 slug-ft 2

Ilyy,h 268,709 kg-m 2

198,090 slug-ft 2

Izz,h = 248,745 kg-m 2 I (54)

183,373 slug-ft 2

JIxz,h 28,A00 kg-m 2

20,936 slug-ft 2

The aerodynamics effects of the external tanks were not known and, there-

fore, not incorporated into the model. Reference 6 contained HH-53C time

histories for pulse type inputs to the longitudinal cyclic, lateral cyclic,

and pedals, at the following flight condition with the AFCS both on and off.

Air speed = 113 knots

Altitude = 7000 ft

Main rotor speed = 185 rpm

Gross weight = 41,000 ib 55)

FSCG = 328

Atmospheric temperature - -18 ° C

The response time history of the CH-53 model at the above flight condi-

tion was obtained using a "dynamic check" routine. This routine provided the

model with flight control inputs that approximated those of the HH-53C. Also,

this routine was used to control the operational modes of the AFCS, as will be
discussed later. The time histories of the CH-53 model and the HH-53C are

compared with the AFCS on; this is done because the model will normally be

operated in this mode for terminal-area studies.

A comparison of the responses to a forward longitudinal cyclic pu|se,

_hown in figure 14(a), indicates good agreement for the Eu!er angles and for

19

AAAANAN t _T_ D ,4A



the body-axis angular velocities. This is also tile case for the responses t_J

a right lateral cyclic pulse, shown in figure 14(h). llere it is asst,med that

the II11-53C response was obtained with the cyclic trim button depressed, since

the roll attitude does not retut'n to zero after the pulse. This condition was

simulated in the model by using the dynamic check rot.line to set Itrim = 0

in equations (42). The responses to a right pedal pulse did not compare as

well as those for the previous inputs. The model produced much larger atti-

tude excursions than indicated for the HH-53C response. A reasonable comparl-

son, shown in figure 14(c), was obtained by raising the damping gain KI,_
from 0.573 to 1.50.

Possible sources of the discrepancy are the umnodeled aerodynamics of the

HH-53C external fuel tanks, and features of the AFCS which were modified or

not included due to limitations of the fixed-base simulator. An attempt was,

made to compensate for differences between the actual and modeled AFCS by con-

trolling the modes of the latter with the dynamic check routine. For the

response to a pedal pu]se, this routine simulated the AFCS transformation from

the headin_-hold mode to the turn-coordination mode by setting *pod = 0 md
Itrim = 0 in equations (42). Later review indicated that this i._ :l po,Jr

method i-or simulating the mode transformation. The above method complet_,]7

removes the roll trim reference when the pedal pulse is initiated. Actually,

this reference should fade out with a I--see time c_mstant and, theref_,rc, ,_

more realistic simulation would keep Itrim = I and set [xlat = 0 and

Ipe d = 0 at the hegim_ing of the pulse. It may also be desir;ble t¢, c,]i_iua'_e
e_tects ot the st_ck pusher by setting K_, = O in equ,ttien (42). Bec_.lu'-,e

the method used in simulating the AFCS mode transformation serw_'d to prena-

turelv remove an nttitude error signal, it probably increased _he _ttitude

excursions of the model and, therefore, may have contributed to the rc:_p,,n>_e

discrepancy.

Pilot Comments

A qualitative evaluation of the mathematical model was made by two pii:t:

using a fixed-base simulator with v,sua! scene. These evaluations were tc be

made considering the intended use of the model, that is, terminal-area guidang_

and navigation studles.

]he control forces and general feel of the flight controls were satisf_c-

t #the absence of breakout and gradient forces, with the cvc!ic

trim button depressed, results in stick-iump and a tendency to overcontre I.

The absence of cyclic beeper trim and collective and pedal parallel ser',cs did
not degrade the model for its intended use. The basic AFCS functions were

primarily evaluated in forward f]ight at approach speeds (90-120 KIAS_. 7he

retentloa of trimmed airspeed and pitch and roll attitude was excel!en', i!',
:,FCS ::i_des, altitude-hold, heading-hold, and turn-coordination operated s _.:'_-

fact,,rile. Also, the AFCS modifications, made to include effects of a l._t, r.-_

"_tick pusher," provided responses that were much more ch,lractcvist ic ,,: :!'c

air<_raft. Altil_mgh, not required, low-speed flight and hover were ,_i<,' c'._-

uat_d. "llle attitude- and headinp-h,_ld featurcs: operated \'el-v well duri::c

dc(,-lerittin_, ;_ppro;_('h,.s 1_, a 5e-It h,_ver. 'l'lu'collect ivt' illClt',lSC:q .111_t '.I,'-_-

i_i;_tt ;,ttit,Jdc:_ req,_ired ¢lurinl, d_.ct, lcrati,m wt, rc _imilg_r l,, tl_,s,, ,,I t!u, v: .... ,

?i)
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I [','t, lv I"_,l_I"_,,,_,11I_|I |\'x, ol I|It' _I_'I_I_11 ,.I|r_'1"411, _c[1|I[11 l|xx' |lni|i_111o11 ol _I
I _xx,_|-|_1,,_x" .._1111ii|_II oI",

CONsUl.itS IONS

,'I_Id n_ivli,_11 lon ,,_lud[_,.,_. l'h|:_ model I,,_ l_,_.,_,d on m,,dlll_,d no111[1_e_Ir _'l,.I,,',,_|_'_1l
io[_,I' Ih_,_,l'X' ,ind ll_,itlllll'.:ll tu,,,t'l+l,_t' +ll, lOdVllill11[c.,_. I [llt[[;I[ t_,ns ol the' l'[._t,d-

b,'lP_t' ,';[trill[ill |_lt l,li'l I [IV l_l't'Vt'tllt'd dtt'_'_'[ [Itll_lt'111_'tll_ll |011 Ol .';_'\'_'l'il| |i'_lltll'l','_

_'l lh_' ,lul,'_n,11 l," I ll_hl ,',,nl _,,I ,,_x',_l_'u_ tAl'_'S_. The _,t l_'_'l.', _I I]l_',,¢i' l_'_lltll_,s i

,_,'tu,_l I ll,c, hl ,[.ii.I .llld l_v _I ql1:llll_11 i\'_' _',_I_I|_II [::,,ll ,,I lh_' h,_n,llln,_', _'h_ll'4_'l_'l'--

i:; :i.l[ [::|.l_.|,_IV l,,l [i,1|Ii[it,i| ..iIi,.i _-',ll|d_llti'l' ;llld It.l_'[1.',ll [olI .'illld|l','i.

.'I
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TABLE 2.- FORCE CHARACTERISTICS OF PILOT CONTROLS
Force

Pilot control Breakout, N (ib) Gradient_ N/cm (lbl/in.)I

Longitudinal cycllc 8.9 (2.0) 2.3 (1.3)

Lateral cyclic 6.7 (1.5) 1.4 (0.8)
Collective 20 (4.5) 0 (0)

Pedals 36 (8.0) 5.3 (3.0)

TABLE 3.- GAINS OF FADE IN/OUT
Circuit number

• I 2 3 4

lafcs Iafcs Ix£at Iafcs

_ss + 1 _6s + 1 _Ts + 1 Tls + 1

TABLE 4.- SUMMARY OF HEADING-HOLD AND TURN-COORDINATION MODE LOGIC

Oper@t,ing condition Feedback information }_de
Airspeed Pilots feet Roll pos. Heading Roll rate Lat. act.

Above 60 knots On pedals Off Off On On Turn-coord.

Off pedals On On Off Off Head.-hold

Below 60 knots On pedals Off Off Off Off ---

Off pedals On On Off Off Head.-hold

TABLE 5.- AUTHORITY LIMITS OF AFCI

AFCS input Limits, rad (de8)

emafc s ±0.0227 rad, (±1.3)

B1afc s ±0.0454, (±2.6)

" A1afc s ±0.0209, (±I.2)

0taft s ±0.0332, (±1.9)a

aThis limit increased to ±7°

in the simulation.
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Xh EAST

Ye xh

x _,,_h Os_O s

NORTH _h_h 0hyh S y$r

Zh Ze Zs ;J6 Zh

a) BODY AXES b) SHAFT AXES

xw 13 a1

"_- "_ , Y_, _ _Yw

-
_,_11__x o%"_111 -1-,_

Zw $ b a1 Zw

A

c) CONTROL AXES d) FLAPPING ANGLES

Figure 2.-tlelicopter budv axe,_, shaft ;Ixes, contr¢_l nxt,s, and flnpping
angle definitions.
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Figure 3.- Continued.
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Figure O.- Fuselage incremental lift as a function of sideslip (wind
tunnel yaw angle).

P 37

00000001-TSD04



I"

I ft2 m2 •

i 160 14,88 -

80 7,43

_ o o

-8O -7.43

-160 -14.86 I I i ., j
-30 -20 -10 0 10 20 30

wt, deg

Figure 7.- Fuselage s_deforce as ;i function ot sideslip _wind
Lunnel yaw angle).

t

00000001-TSD05



-,q

ft 3 m3

300 8.50

e

200 5.66

100 2.83

J_

0 0
t

-200 -5.66 i i i j
o -30 -20 -10 0 10 20 30

c_f,deg

FLgure 8.- Fuselage l_lcremcnta; r,_lllng moment as a funt'tlon _f ;ingle ¢_f
;_ttack.

_q

00000001-TSD06



ft 3 m3

0 0

L_ -100 -2.83
,.I
<3

b
-150 -4.25

-200 -5.66

4q)

J

00000001-TSD07



F

i

i It, degC] -10

ft 3 m3 0 0
, A 10

1000 28.82 -

500 14.16 -

o o t
=E
<3

-500 -14.16

-1000 -28.82
-24 -16 -8 0 8 16

_f. deg

Figure IO.- Fuselage incremental pitching moment as a function of angle of
attack and tnctd_ ce =it the tall.

00000001-TSD08



ft3 m3

300 - 8.50 -

200 - 5.66 -

100 - 2.83 - /_

_ 0 - 0 I

-100 - -2.83 -

-200 - -5.66 -

-300 - -8.50 -

-400 - -11.33 I I i [ I
-30 -20 -10 0 10 20 30

_wt, deg

P

Figure ll.- Fuselage incremental pitching moment as _l function of sideslip
(wind tunnel yaw angle).

00000001-TSD09



-400 -I 1.33

El
rn

-1200 - -33.98

--. i I I I i

-30 -20 -10 0 10 20 30

_wt. deg

Figure 12.- Fuselage yawing moment as a function of sideslip (wind tunnel yaw
angle) ;uld angle , f ;lttack.

4i

O0000001-TSDIO



rad deg

.2618 15
in

E
o

I

.1745 - 10
>

w
J

0

0

0

z

.0873 - 5

.035- 2, 0in

I I
0 1 5 10 in

I I I I
0 2.54 12.7 25.4 cm

DOWN _ _ UP

COLLECTIVE STICK DISPLACEMENT, XcoI

(a) Collective

Figure 13.- Controt rigging diagrams.

44

O0000001-TSD11



rad deg

. .3491 - 20 r

I i 7.054
.2618 15

O4
t

_- .1745 10
_L
cJ
.J

o .0823 5

,<
z

• _ 0

• Z
0
J

-.0873 -._

172 in.
-.1745 -11 I I I _ J

-6 -4 -2 0 2 4 6 8 in.

I : I J

-10.16 0 10.16 20.3 cm

AFT _ _ FORWARD

| LONGITUDINAL CYCLIC STICK DISPLACEMENT, Xlo n

o

i (b) Longitudinal c,,cltcFtgure 13.- Conttnued.

_5

00000001-TSD12



} i
i

rad deg

i .0698 41

_,.435 in.

F .0349 2

<C

:_ o o
o COLLECTIVE STICKp-
R" DISPLACEMENT, XCOL
__ in

-.0349O
>.
o 5.5
..J
<_
n..
,,, -.0698
I-.
,¢
,.I

-.1047

-.1396
-4.435

- 5 -4 -2 0 2 4 b in.

t I l _ I •

-10.16 -5.08 0 5.08 10.16 cm

RIGHTLEFT "4'--"-'-

LATERAL CYCLIC STICK DISPLACSP4ENT, Xlat

t_') 1.,Itt , II <'\'<'1 ic'

l:i_tll't' 1]t.- I]ont inuc'd.

ih

-- O0000001-TSD



rad deg
.4189 - 24

, .3491- 20

-.0698 - -4 i J I i
-3 -2 -1 0 1 2 3 in,

L I I I I
-5.08 -2.54 0 2.54 5.08 cm

RIGHT --- " LEFT

PEDAL DISPLACEMENT, Xped

(d) Pedal

Figure 't3.- Concluded.

47

i

O0000001-TSD14



FLIGHT TEST

---- -- MATH MODEL ]

O_ _ 0 40 _

-4O t
1

PITCH ATTITUDE, ¢k_
-20 -40 PITCH RATE, dN/rac

,o[0 0 40 __
-20 20

.-40

ROLL ATTITUDE. deg
ROLL RATE, deg/r.ec-20 -4(

0 40
-20 20

0 mm _ 0

YAW ATTITUDE, de¢j
-20 _40 YAW RATE, deg/sec

40 4O
_ -40

0 -" k...... 0[ --" t__

/
LONGITUDINAL STICK, in. -40 LLONGITUDINAL STICK, in-40

t I .L_ t A A J, #

0 1 2 3 4 0 1 2 3 4
ELAPSe9 rIME, sec ELAPSEDTIME, sec

(a) Longitudinal cyclic pulse.

Figure 14.- Flight test-math model comparisons.
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